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Modeling habitat suitability is beneficial for management and conservation of a
species. Although data-rich models are commonly used, opinion-based models may be a
beneficial alternative to estimate habitat suitability. Despite the increasing use of habitat
models, few studies have linked habitat model covariates to demographic parameters.
This study evaluates model performance and transferability of maximum entropy
(MaxEnt) and expert opinion models for predicting American beaver (Castor canadensis)
distribution in the southeastern US. I also investigated the relationship of environmental
and habitat model covariates to beaver survival. The model’s predictive performance and
transferability were evaluated using the area under the curve index. Both model
approaches performed well at predicting beaver presence. While MaxEnt had better
performance, the expert models predicted greater areas as suitable for beaver. Beaver
survival was estimated for northern Alabama and was found to be influenced by
normalized difference vegetation indexes (NDVI) and weather covariates in this study.
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CHAPTER I
INTRODUCTION
Background
The American beaver (Castor canadensis; hereafter, beaver) is a species of
management concern in the southeastern United States. Because of its capacity to create
and alter wetland ecosystems, beaver may negatively impact human enterprises (Conover
et al. 1995, Shwiff et al. 2011). Understanding what drives beaver habitat selection can
lead to the improvement of techniques for identifying beaver occurrence and areas likely
to be impounded by beaver. However, it is difficult to predict beaver occurrence. To
address this issue, ecologists use landscape ecology with geospatial techniques to
advance species distribution models’ predictive capabilities (Graells et al. 2015, Henn et
al. 2016, Scrafford et al. 2018). By using predictive models, one can provide information
to help estimate the probability an area will be occupied or used by beaver, thus allowing
managers to improve land management practices to reduce conflicts between beaver and
humans.
The beaver is the largest rodent species in North America and is identified as a
generalist herbivore that uses a broad range of forage species (Jenkins 1975, Baker and
Hill 2003). This semi-aquatic mammal can manipulate the environment to create
conditions that are favorable to survival (Baker and Hill 2003, Boyle and Owens 2007).
Because of their substantive influence on aquatic and riparian communities, beaver are
1

considered a keystone species (Naiman et al. 1986, Boyle and Owens 2007). Once
widespread across North America, beaver were locally extirpated throughout parts of
their native range during European settlement (Bryce 1900). Their populations have since
recovered, now occupying most of their original range due to reintroduction efforts and
regulations protecting over-harvest (Larson and Gunson 1983, Baker and Hill 2003).
In the southeastern United States, beaver populations have continued to increase
since the end of reintroductions in the 1950’s (Baker and Hill 2003). Because of riparian
and wetland habitat loss, human encroachment, and growing beaver populations, the
opportunity for beaver to become a nuisance species has grown drastically (Larson and
Gunson 1983). Beaver are a major cause of timber damage in southern states due to
herbivory and damming activities (Conover et al. 1995). Inundation caused by beaver
dams may lead to flooded timber, agriculture crops, buildings, and roadways (Arner and
Dubose 1978, Arner and Dubose 1982, Bullock and Arner 1985, Shwiff et al. 2011).
During the 1980's, annual beaver-related damages in the US were estimated to be $100
million, adjusting for inflation, equivalent to 2018’s value of $230 million (Baker and
Hill 2003). In 2011, Alabama reported $19 million in lost timber (USDA APHIS 2011),
and the cost of beaver-related damage remains high, especially in southern states (Touihri
et al. 2017).
Despite their negative impacts, beaver impoundments have great ecological
values, such as increasing species richness, increasing landscape heterogeneity, and
retaining sediment (Wright et al. 2002, Baker and Hill 2003, Martin et al. 2015).
Understanding how beavers use aquatic and terrestrial habitat is important in managing
landscapes to maximize positive values and minimize negative values associated with
2

beaver. Several attempts have relied on methods to assess habitat selection (Allen 1983,
Cunningham et al. 2006, Puttock et al. 2015, Francis et al. 2017). Habitat suitability,
species distribution modeling, and opinion-based models are common techniques used
for identifying variables that may be related to habitat selection (Rondinini et al. 2005).
However, it remains difficult for land managers to predict areas that will be negatively or
positively impacted by beaver since there is no straightforward modeling approach
(Touihri et al. 2017). Therefore, it is essential to understand the ecology of beaver habitat
selection to improve predictive modeling techniques.
Since ecological factors such as climate, geography, and species interactions may
limit distributions and the survival of a species, it is critical to understand how population
characteristics are influenced by these factors (Leirs et al. 1997, White et al. 2011,
Meager and Limpus 2014, Fuentes et al. 2016, Pokallus et al. 2018). However, the interrelationship between environmental variables, habitat selection, and beaver survival is
poorly understood. Although habitat selection models represent a surrogate to a species’
ecological niche, most habitat models are correlative and do not relate the selection of
habitat variables or landscape structure to the demography of focal species (Pearson et al.
2004, Hirzel and Le Lay 2008, Fordham et al. 2017).
Survival estimates for beaver are limited in the literature. Those that exist support
the premise of relatively high survival ranging from 70% to 87% adult survival with the
lowest estimate being 43% (Van Deelen and Pletscher 1996, McNew, Jr. and Woolf
2005, DeStefano et al. 2006). Although the primary causes of beaver mortality include
human harvest, natural predators, and disease, what drives beaver mortality is poorly
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understood. Therefore it is important to link elements of habitat and climate to beaver
survival (Baker and Hill 2003, Taylor et al. 2017).
Landscape Modeling and Characterization of Beaver Habitat Selection
A conventional method used to identify suitable habitat of a species is through
habitat suitability models (HSMs) which estimate the probability of a species occurring in
a specific place at a particular time (Hirzel et al. 2006, Hirzel and Le Lay 2008). Suitable
habitat is determined by relating environmental variables to field observations of
occurrence (Guisan and Zimmermann 2000, Hirzel et al. 2006, Hirzel and Le Lay 2008).
Beaver HSMs have been developed to quantify suitable habitats of European beaver
(Castor fiber) and American beaver based upon known associated landscape
characteristics (MacDonald 1956, Slough and Sadleir 1977, Allen 1983, Howard and
Larson 1985, Beier and Barrett 1987, Hartman 1996, South et al. 2000, Fustec et al.
2001). A commonly used approach to estimate habitat suitability is maximum entropy
(MaxEnt). Although there are multiple existing models to predict suitable habitat, most
HSMs are restricted by limitations and generated without consideration of spatial scale
transferability (Allen 1983, Beier and Barrett 1987, Pearl et al. 2015).
The generality of inferences and usefulness of beaver HSMs have not been
evaluated regarding transferability. Model transferability, in the context of HSM, is
defined as the ability of a model to be projected to a different location and successfully
identify a species occurrence (Randin et al. 2006, Ray et al. 2016). Although a model is
accurate at predicting occurrence at the original location, the model can fail to perform
when applied to different spatial and temporal scales. Poor model transferability is
suggested to be influenced by species life history characteristics, model complexity, data
4

collection biases, correlative models, and spatiotemporal scales (Vanreusel et al. 2007,
Duque-Lazo et al. 2016, Wogan 2016, Werkowska et al. 2017). Therefore, it is critical to
investigate what factors influence model transferability to improve HSM’s predictive
power across multiple spatial for greater management efficiency.
Most HSMs are correlative models, with few models assessing ecological
mechanisms underlying habitat occupancy by wildlife (Meineri et al. 2015, Moreno et al.
2016). However, there is a consensus that mechanistic models involving behavioral or
ecological processes have greater universality and transferability (Moreno-Amat et al.
2015, Fordham et al. 2017, Petitpierre et al. 2017). Since habitat models use landscape
variables, it is important to understand the mechanisms operating on the landscape that
produces ecological patterns (Wiens et al. 1993, Turner 2016). It is plausible HSMs that
include habitat variables related to wildlife demography (for example, survival and
reproduction parameters) may have greater transferability.
Expert Opinion Models
An alternate method for modeling species distributions is through expert opinion
models (EOMs). To develop the models, EOMs use data based on experts’ experiences
and knowledge, citizen science, and museum collections (Drescher et al. 2013). Unlike
empirical models which can be costly and require time-consuming human resources,
EOMs can provide a low-cost alternative (Murray et al. 2009, Cerqueira et al. 2013,
Aizpurua et al. 2015). Ecology-based EOMs are typically developed with landscape or
environmental variables identified through a literature review for the species in question
(Clevenger et al. 2002). This approach allows for modeling species and habitat
distributions when empirical data are unavailable, by using expert opinion to
5

parameterize the models (Hurley et al. 2009, Bridger et al. 2016). By using variable
selection or multiple criteria decision-making (MCDM) techniques, experts can select the
most appropriate variables from a list of alternatives (Jankowski 1995, Pearce et al.
2001). Analytical hierarchy process (Saaty 1977), an MCDM technique, is often used in
ecological research because of its ability to incorporate expert opinions (Doswald et al.
2007). Previous research has found EOMs to be useful in predicting species distribution
of various species with an accuracy similar to that of conventional modeling approaches
(Pearce et al. 2001, Murray et al. 2009, Brandt et al. 2017). By applying the EOM
approach to estimate beaver habitat suitability one can provide managers with a low-cost
alternative to other data-rich modeling approaches.
Objectives
The purpose of this study was to evaluate two current approaches used to predict
habitat suitability for beaver in select southeastern floodplains. I assessed MaxEnt and
EOM approaches for model transferability and predictive performance. I also
investigated the influences of HSM selected habitat variables along with environmental
variables on beaver survival. I conducted this research to meet the following objectives:
1. Evaluate transferability and predictive probabilities of multiple modeling
techniques for American beaver habitat suitability, and
2. Evaluate the association of American beaver survival with features of landscape
structure and climatic variables to understand relationships between habitat
selection and survival of American beavers.
By understanding the influences of beaver habitat selection and population processes,
scientists can achieve these goals to improve modeling capabilities for predicting beaver
6

habitat suitability. Likewise, providing managers with a comparison of common habitat
modeling techniques will lead to better-informed decisions on which methods would be
the most effective for their needs.
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CHAPTER II
A COMPARISON OF THE EFFECTIVENESS AND TRANSFERABILITY OF
MAXENT AND EXPERT OPINION MODELS FOR HABITAT
SUITABILITY OF AMERICAN BEAVER
Introduction
Predictive modeling of habitat suitability or species distributions has gained
popularity since the 2000’s (Petitpierre et al. 2017, Werkowska et al. 2017). Many
modeling techniques are available, leaving ecologists and managers faced with
determining the most appropriate approach to meet their objectives. A widely used
method to model habitat suitability is maximum entropy (MaxEnt) models. MaxEnt is a
machine-learning software that uses presence-only data and generates pseudo-absences to
predict species habitat (Phillips et al. 2006, Elith et al. 2011). MaxEnt is very useful in
predicting suitable habitat across various plant and animal species (Guisan and Thuiller
2005, Elith et al. 2011, Warren and Seifert 2011). Another modeling approach which is
gaining popularity due to its simplicity is expert opinion models (EOMs) based on the
Analytical Hierarchy Process (Saaty 1977). Low cost and the ability to model a species
habitat and distribution when empirical data are unavailable are some advantages of
EOMs over MaxEnt models (Clevenger et al. 2002, Hurley et al. 2009). Although both
modeling approaches provide predictions of habitat suitability, they are very different
from one another regarding data use and suitability calculations.
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With the multiple approaches to model habitat suitably, models are generally
divided into two main approaches, including mechanistic and correlative models.
Mechanistic models incorporate covariates that establish a causal relationship between a
species presence, and its environment that may also explain ecological processes of
habitat selection (Pearson and Dawson 2003, Meineri et al. 2015). Correlative models, on
the other hand, predict habitat suitability through correlation between presence locations
and spatial data (Kearney and Porter 2009). However, most habitat suitability models
(HSM) are considered correlative models.
Despise the deviation between correlative and mechanistic models each can
provide many implications for management and conservation decisions for species of
management concern (Rondinini et al. 2005, Acevedo et al. 2007, Galluzzi et al. 2017).
However, their predictive performance is still restricted by limitations when tested at
other spatial or temporal locations (Elith and Leathwick 2009, Latif et al. 2016,
Petitpierre et al. 2017, Roach et al. 2017). Model transferability is the statistical
assessment of how well a model accurately predicts a species occurrence for a region
outside of the original spatial and temporal extent upon which the model was constructed
(Randin et al. 2006, Ray et al. 2016). Thus, assessing transferability is vital to prevent the
over- or under-prediction of habitat suitability, which can lead to poor management
decisions (Wenger and Olden 2012). HSMs typically have poor transferability when
applied outside their original extent (Schröder and Richter 2000, Wenger and Olden
2012, Roach et al. 2017).
Understanding what influences model transferability is a growing ecological
question (Torres et al. 2015, Duque-Lazo et al. 2016). Studies have suggested that
9

modeling limitations, complexity, lack of understanding species ecology, data collection
biases, correlative models, and scale can all influence transferability (Guisan and
Zimmermann 2000, Schröder and Richter 2000, Pearl et al. 2015, Roach et al. 2017).
Model transferability is imperative when using HSMs for conservation and management
decisions for species of management concern (e.g., threatened, endangered, or nuisance
species) across spatial and temporal scales. When a model has poor transferability it can
produce inaccurate predictions of suitable habitat that can lead to misinformed
management decisions. By refining model transferability, HSMs can retain their
predictive integrity when assessing habitat suitably in response to factors such as climate
change, disturbance, or species invasions (Guisan and Zimmermann 2000, McCarty
2001, Cianfrani et al. 2013, Roach et al. 2017).
To evaluate predictive performance and model transferability, the American
beaver (Castor canadensis; hereafter, beaver) is an ideal model species. Beaver are
habitat restricted but are widely distributed across North America. Across their range
beaver are considered a generalist herbivore; therefore, their habitat requirements may
remain relatively constant across their range, especially regionally (Jenkins 1975). The
presence of beaver on the landscape can also be easily identified through beaver made
structures and markings. Through the use of beaver presence and the generality of its
habitat, we can test multiple modeling techniques at different spatial locations to predict
habitat suitability and evaluate model transferability.
By using beaver as a model species, we can evaluate both MaxEnt, and EOMs
approaches in predicting areas likely to be inhabited by beavers allowing managers to
manage these areas to mitigate potential conflicts. Beaver are considered an ecosystem
10

engineer because of their ability to create and maintain wetland habitats (Naiman et al.
1988, Baker and Hill 2003, Müller-Schwarze and Sun 2003). However, beaver wetlands
can often create human-wildlife conflicts and raise safety concerns by inundating areas of
economic importance such as agriculture, timber, and human-made infrastructure (Arner
and Dubose 1982, Bullock and Arner 1985, Beier and Barrett 1987, Shwiff et al. 2011).
Although dam building behavior is unique to beaver, not all individuals build dams, but
all will fell timber through herbivory. In areas where habitat may already be suitable (i.e.,
lakes and large rivers) beaver will excavate and reside in bank dens and can subsist
without the need of the construction of a dam (Baker and Hill 2003). Currently, there are
no general transferable predictive models available to wildlife managers to assist in the
mapping the area of high risk of beaver colonization in the southeastern United States.
When predicting areas of suitable habitats across scales model transferability is
crucial in determining which modeling technique is appropriate to provide accurate
predictions. When considering both MaxEnt and EOMs techniques, it is important to
question if data-rich models such as MaxEnt are necessary to predict suitable habitat in
all situations, or can opinion-based models like the EOMs be an alternative? Also, since
opinion-based models are considered more general are they more transferable spatially?
To try to address these questions, I compared the performance of MaxEnt and EOMs for
predicting the occurrence of beaver impoundments in northcentral Mississippi and
Alabama. I also cross-validated an existing beaver MaxEnt suitability model to a new
spatial location to test the transferability of the approach. This study tested two common
methods that can provide land managers with the most effective way to predict areas of
suitable beaver habitat in the southeastern United States.
11

Methods
Study Area
I conducted this study on the U.S. Fish and Wildlife Service’s Sam D. Hamilton
Noxubee National Wildlife Refuge (Noxubee NWR), Mississippi State University John
W. Starr Memorial Forest, and U.S. Forest Service’s Tombigbee National Forest (NF)
Ackerman Unit (Figure 2.1) in Choctaw, Noxubee, Oktibbeha, and Winston Counties of
north-central Mississippi. The study extent (29°48’ to 32°27’ E; 36°68’ to 36°98’ N;
Figure 2.1) encompassed all three properties, forming approximately 144,000 ha of
bottomland hardwood forests (20%); upland woodlands (21%); mixed forest (11%);
development and crops (7%); shrubs (7%); grasslands (13%); lakes (1%); and wetlands
(20%). Land management and beaver control practices varied among the properties:
Noxubee NWR implements water management for waterfowl, prescribed fire,
mechanical/chemical control of noxious plants, game and fish harvest management, and
nuisance beaver dam removal (U.S. Fish & Wildlife Service 2014); Tombigbee NF and
Starr Forest both employ a multiple-land use management approach with no beaver
control (U.S. Forest Service 2012). The surrounding land is privately owned with
unknown management practices.
This study also included previously collected data (Francis et al. 2017) from
Redstone Arsenal (52°50’ to 53°86’ E; 38°23’ to 38°40’ N; Figure 2.2), a U.S.
Department of Defense installation in Madison County, Alabama. Redstone Arsenal
encompasses approximately 15,478 ha of military test fields and urban centers (28%);
row-crop agriculture (5%); bottomland hardwoods (16%); upland coniferous forest (9%);
mixed forest (4%); shrubs (4%); grasslands (15%); and water bodies, including seasonal
12

swamps, marshes, and wetlands (13%) and open water (5%). Redstone land management
includes row-crop agriculture, infrastructure and military field maintenance, and wildlife
conservation (McClintic et al. 2014). Redstone Arsenal also contains wetlands areas
maintained by the Wheeler National Wildlife Refuge managed for public use of hunting,
fishing, and recreational use. The management of beaver only occurs in nuisance
situations (e.g., damming culverts, flooding roads and buildings) in Redstone Arsenal.
Beaver Occurrence Locations
For the Mississippi study area, I identified beaver impoundments by revisiting
historical locations provided by public land managers as well as through identification of
potential impoundments through remote sensing and Geographic Information Systems
(GIS) (Johnston and Naiman 1990, Townsend et al. 1995, Townsend and Butler 1996,
Martin et al. 2015). I visited both areas of potential impoundments and historical
locations to confirm beaver occurrence. Once a location was confirmed as occupied by
beaver, I documented presence locations via Garmin eTrex 20x GPS unit. Beaver
presence locations were based on beaver made structures and markings (e.g., dams,
lodges, foraging locations, and castor mounds). I searched the impoundment perimeters
for beaver presence during December – March 2017 and 2018 when vegetation was
dormant, and beaver sign was more prominent. I recorded beaver locations within a 30m
buffer of the impoundment water’s edge for the entire perimeter. Beaver can forage
further distances than 30m on land, but for this study I only needed beaver locations to
validate my models. Therefore, search areas were limited within a 30m buffer. I collected
beaver presence locations to build (train) and evaluate the accuracy and transferability of
both MaxEnt and EOM habitat modeling approaches.
13

Beaver presence locations provided by Francis et al. (2017) for Redstone arsenal
were collected through active beaver sign locations during March 2015 to August 2015
and in February 2016 (Francis et al. 2017).
Land Cover Data Preparation
I created the covariates for the HSMs by using raster data from 30-m resolution
2011 National Land Cover Database (NLCD) to represent land cover types for both
Mississippi and Alabama study areas (Homer et al. 2015). Adopting methods from
Francis et al. (2017), I reclassified the NLCD data into ten land cover types, clipping
them to the extent of both study sites, and reclassifying them again with Program R (R
Core Team 2016) to create individual binary rasters by land cover class. The ten land
cover classifications were open water (NLCD class 11), developed (NLCD classes 21,
22, 23, 24, and 31), deciduous forest (NLCD class 41), evergreen forest (NLCD class 42),
mixed forest (NLCD class 43), shrub (NLCD class 51 and 52), grass (NLCD classes 71
and 72), cultivated crops (NLCD class 82), woody wetlands (NLCD class 90), and
emergent herbaceous wetlands (NLCD class 95) (Homer et al. 2015). Using Biomapper’s
Circular Analysis (Hirzel et al. 2002), I generated edge density and relative frequency
proportion maps (ranging from 0 to 1) for land cover types at spatial radii of the grid-cells
size of 7 (13.85 ha). This grid cell radius is equivalent to the area of an average home
range of beaver in Redstone Arsenal (McClintic et al. 2014). I also generated proximity
maps (exact minimum distance from a cell to the nearest neighboring cell of a defined
land cover class) using Biomapper’s Distance Analysis (Hirzel et al. 2002).
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Expert Opinion Model
To produce an EOM for this study (Figure 2.3), I surveyed 63 beaver experts from
three categories: self-identified management professionals; research
professionals/academicians; and experts in both research and management (IRB Protocol
ID: 17-655). An expert was defined as a wildlife professional with greater than two years
of self-reported beaver-related experience. I identified experts by authorship of, or
collaboration on, peer-reviewed literature and through referrals provided by USDA
APHIS Wildlife Services State Directors from within the distribution of beaver. Snowball
sampling of experts was used to increase potential survey respondents.
The expert opinion survey (Appendix A) comprised six questions regarding
experts' characteristics (e.g., employer type, years of beaver-related experience, etc.) and
31 pairwise questions regarding experts' opinion of the relative importance of critical
variables for beaver habitat selection. Four overall categories selected for inclusion in the
questionnaire (i.e., topography, stream order, land cover types, and disturbance) were
each comprised of sub-variables that I identified as important for beaver habitat or habitat
selection in an extensive literature review (Figure 2.4). To incorporate the variables into
the analysis, they must be represented by GIS raster data files. The pairwise questions
followed the Analytical Hierarchy Process protocol in which experts were asked to rank
factors on the magnitude of importance on a scale of 1 to 9 based on personal experiences
(Saaty 1977). The survey was electronically distributed, and response data was collected
via Qualtrics, an electronic survey platform (Qualtrics 2013). The accompanying email
included information on the research project, survey instructions, and definitions of
terms. The survey was available from 11 January 2018 through 25 February 2018. I used
15

a minimum qualification for experts to be included in the analysis: surveys must be
complete, respondents with more than two years of beaver-related experience and no
major inconsistencies (e.g., responses ranked all questions equally, or answers that
produced contradicting rankings).
Using the survey response data, I calculated the consistency ratio scores,
eigenvectors, and weighted values for each expert pairwise matrix using IDRISI’s Weight
tool (Eastman 2012). Consistency ratio scores provided a means of testing the reliability
of individual responses by assessing operative errors (Saaty 1977). The calculated
eigenvector and derived weights determined the rankings of variables that identified
which were most important to beaver habitat selection according to the experts.
I created the environmental variables that experts were asked to rank using
ArcMap 10.5 (Desktop 2011). For the topography (aspect, elevation, and slope) raster
files I used ArcMap Spatial Analyst tools with 1-m resolution, LiDAR-derived, digital
elevation model (DEM) data accessed from NRCS Data Gateway to create the files.
Slope was reclassified into sub-rasters of slope gradients (0-3, 3-6, 6-9% slope). I
generated the stream raster data, using ArcMap Hydrology tools and cross-validated the
generated streams to the NHDPlusV2 hydrology dataset. I used one-meter DEM data to
calculate stream orders and reclassified them into sub-raster stream orders (Strahler's
(1957) 1st to 4th order streams). I derived the land cover types (open water, herbaceous
wetland, woody wetland, shrubs, and deciduous forest) from 30-m resolution 2011
NLCD (Homer et al. 2015) and reclassified them to create individual binary rasters for
each class using Program R (R Core Team 2016).
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Disturbance raster data included distance to roads, timber harvest blocks, and
private land. To determine the distance to roads, I retrieved county road and highway data
from the MARIS database, then generated a road-proximity raster file using ArcMap's
Euclidian distance tool. I created the distance to private lands using private land maps
available from the U.S. Forest Service and the U.S. Census Bureau to create a proximity
raster with Euclidian distance. I defined private lands as a disturbance since this includes
greater anthropogenic activities and beaver management practices may be more intensive
than those conducted in the public land of this study. I created timber-cutblock rasters by
conducting a land change analysis of forested and non-forested areas using 2016 and
2018 NAIP imagery to identify areas of timber removal within the 2018 NAIP imagery in
ArcGIS 10.5. I generated all proximity rasters using a Euclidian distance from the
disturbance variable within 13.85 ha, the average home range size of beaver at Redstone
Arsenal (McClintic et al. 2014). To represent the disturbance variable, I used a binary
raster of areas of disturbances within a beaver home range; areas of disturbances were
represented as 0 and areas without disturbances as 1; which would positively contribute
to habitat suitability. Spatial resolution consistency was maintained by resampling all
rasters to 30 x 30 m resolution.
In the expert questionnaire, ranges of elevation and aspect were not defined for
experts to rank for importance for beaver habitat suitability, unlike the slope variable.
Since slope was more prominent to beaver habitat selection than elevation and aspect
slope was the only variable in the topography category consisting of sub-rasters. In
retrospect, aspect and elevation should’ve consisted of sub-rasters to prevent possible
misinterpretation of these two rasters into the EOM. Therefore, to represent the variables
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in the model without compromising the relative weights, I created a binary raster file for
both elevation and aspect. Areas of no elevation or aspect were defined as 1, and areas
with elevation or aspect were defined as 0; thus, allowing these variables to have no
contribution to habitat suitability without compromising the relative rankings of the
overall categories.
To generate the EOMs, I used a Weighted Linear Combination technique to
model habitat suitability in ArcGIS 10.5 Model Builder. For each variable category, I
used the weights calculated in IDRISI to create a weighted raster using ArcGIS’s
Weighted Sum tool. I then created a single suitability map using Weighted Sum to
combine all categories based on the derived weights (Figure 2.5). ArcGIS’s Weighted
Sum overlays several rasters, multiplying each by their given weight (all weights
equaling to 1) and adding them together (Desktop 2011). This process was conducted to
produce an EOM for the researcher expert group for both Redstone Arsenal and
Mississippi study sites (RNoxEOM and RRedEOM, respectively), manager group for
both sites (MNoxEOM and MRedEOM, respectively), and all expert groups combined
also for both locations (ANoxEOM and ARedEOM, respectively) (Table 2.1).
To test the accuracy of the models, I used the area under the receiver operating
characteristic (ROC) curve (AUC) (Hilden 1991, Boyce et al. 2002, Liu et al. 2011). The
AUC index is an effective indicator of model performance; it identifies an optimum
probability threshold by summarizing overall model performance over all possible
thresholds. The AUC index ranges from 0 to 1, with 1.0 representing perfect predictive
accuracy; 0.5 is considered random, 0.7 fair, and 0.9 excellent (Liu et al. 2011).
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Habitat Suitability Modeling and Cross-Validation
To test HSM transferability, I applied the Francis et al. (2017) beaver HSM for
Redstone Arsenal (hereafter, Redstone Model) in northern Alabama to my study sites in
northern Mississippi. Using 334 beaver presence locations, the Redstone Model (Figure
2.6, Table 2.3) identified open water-edge density, shrub-edge density, woody wetlandedge density, and grassland frequency to be critical variables at a coarse scale (Francis et
al. 2017). With these same variables and presence locations, I recreated the Redstone
Model in Program R using package "maxent” to calculate maximum entropy (Phillips et
al. 2004, 2006, 2017). MaxEnt contrasts the environmental characteristics of presence
data with the randomly generated pseudo-absences from the sampling area (Phillips et al.
2009). Using site-specific presence-only data, MaxEnt generated 10,000 pseudo-absence
locations by default. I trained the MaxEnt HSM with 80% of the data and used the
remaining 20% as validation points to evaluate the model. I used the function “predict” to
generate predictions of habitat suitability for Mississippi beaver (RA-MS Model) with the
same habitat variables within the Noxubee and Tombigbee sites (Chambers and Hastie
1992). I assessed the transferability of the Redstone model to Mississippi beaver using
576 presence locations from Noxubee and Tombigbee with the AUC index.
I used 576 presence locations and the same four landscape variables to build the
Mississippi models, and then applied the Mississippi model to the same landscape
variables of Redstone to predict habitat suitability for Alabama beaver (MS-RA Model).
The transferability of the model extrapolated to Alabama beaver was assessed using
Francis' (2017) presence locations and the AUC index. The purpose was to test the
performance of the Redstone Model at a new location using the same environmental
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variables, but with site-specific presence data to train the model. Accessing model
transferability over space and time with independent data is essential to evaluate a
model’s generality to ensure the predictions are accurately representing a species
distribution (Vaughan and Ormerod 2005, Torres et al. 2015). Such as an approach would
be typical if a manager wanted to apply the Redstone Model to their region of interest
using site-specific data and critical covariates identified in Redstone Arsenal. Used as a
reference model for the assessment of transferability, I also created an HSM for the
Mississippi study area using a PCA of all 30 processed land cover classes (i.e., relative
frequency, edge density, and minimum distance) that explained 90% or more cumulative
variability of the original data to avoid multi-collinearity (Everitt 2006, Francis et al.
2017). I generated the PCA model using ArcMap 10.5 (Desktop 2011).
Results
MaxEnt Model Performance
The Redstone Model had the highest performance with AUC=0.95 (Table 2.3).
The Noxubee Model using site-specific presence locations and the same covariates as the
Redstone Model showed good performance (AUC = 0.86; Table 2.3) at predicting habitat
suitability. Model transferability of both cross-validated models performed well (RA-MS
Model AUC=0.72; Figure 2.7, MS-RA Model AUC=0.80; Figure 2.6, Table 2.3), though
the AUC performance for the Alabama to Mississippi model experienced a substantial
drop (AUC = 0.95 to 0.72). The HSMs were concluded as transferable with an AUC
value of 0.7 or better and by meeting the following criteria: (1) internal evaluation of
models for region A must be similar to region B; (2) a fitted region A model must retain
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at least an external comparable assessment when projected into region B, and vice versa
(Randin et al. 2006).
Expert Opinion Model
Of the 63 returned surveys, 35 were used in the analysis; the rest failed to meet all
inclusion conditions. Twenty-four of the respondents self-identified as experts in beaver
management, five as research experts, and six as experts in both research and
management. Because of the low response rate, the last two categories were combined to
increase sample size, assuming experts experienced in both research & management
shared perspectives/viewpoints as with the research group. Expert questionnaire
participants were well distributed across the range of American beaver within the
continental US (Figure 2.8). Each survey participant group was reasonably consistent in
ranking the relative importance of variables (Table 2.1). The most critical sub-categorical
variables selected by experts were slope, 3-6% slope, second-order streams, woody
wetlands, and proximity from timber harvest blocks. The highest ranked category was
stream order (Figure 2.9, Table 2.1).
The overall performance of all EOMs produced similar results among all models
with fair (AUC = 0.7) predictions of beaver habitat suitability (Table 2.2). Regardless of
the slight variation of variable rankings by expert groups (Table 2.1) and locality, the
EOMs results were comparable (AUC = 0.7-0.76). The best performing EOM was the
researchers’ model for the Mississippi study area (RNoxEOM AUC=0.76; Table 2.2,
Figure 2.10), and all expert groups for Redstone Arsenal (AUC=0.75; Table 2.2, Figure
2.10).
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Discussion
Predictive habitat models provide the resources to identify the location of suitable
habitat or the probability of a species distribution (Guisan and Zimmermann 2000). To
effectively identify suitable habitat to meet management objectives, managers and
ecologists must first determine the most appropriate modeling approach. With multiple
modeling approaches available, there is no straightforward way to predict habitat suitably
(Hirzel and Le Lay 2008, Leblond et al. 2014, Laforge et al. 2015). Although all
modeling approaches have their pros and cons, two methods I assessed performed well at
predicting beaver habitat suitability across two locations in the southeastern United
States.
The MaxEnt models of the Redstone and Noxubee models had good to excellent
performance in predicting habitat suability at both original locations (Table 2.3). The
original Redstone Model had the highest performance as expected since the
environmental covariates used in the model were initially selected at this location
(Francis et al. 2017). The Noxubee Model, which used the same ecological covariates but
site-specific training data for Mississippi, still performed well. The differences of
covariate land coverage percentages were minuscule (i.e., Redstone Arsenal had 4% more
open water; 2% more grassland; 3% less shrub; and 6% less of woody wetlands than the
MS study area), the variations in model performance were likely not heavily influenced
by this factor of size differences between locations. However, the spatial scale differences
may explain the variation in model performances, since scale may affect model predictive
performance and transferability of HSMs (Leftwich et al. 1997, Pearson et al. 2002, 2004,
Araujo et al. 2005, Vanreusel et al. 2007).
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Redstone Arsenal area is 15,478 ha, roughly a eighth the size of the Mississippi
study area of 144,000 ha. The consensus among previous scale studies is that finer spatial
scales and smaller study extents have higher predictive performance (Pearson et al. 2004,
Thuiller et al. 2004, Guisan and Thuiller 2005). Because smaller spatial scale models may
pick up more functional interactions between species and environmental variables,
models may become oversaturated by other ecological interactions at larger scales
(Vanreusel et al. 2007). However, this concept may only apply to machine learning datarich models such as MaxEnt models since I did not see this same pattern with the EOMs.
Expert opinion models may incorporate more understanding of beaver ecology than
correlative MaxEnt models.
I observed a similar pattern of scale-dependency performance when evaluating
model transferability. Although both MaxEnt models were considered transferable (AUC
> 0.7), the Redstone Model’s AUC value declined drastically from excellent to fair
performance (AUC = 0.95 to 0.72) when cross-validated to the larger study area in
Mississippi (RA-MS Model). When the Noxubee Model was cross-validated to the
smaller Alabama study area (MS-RA Model), I observed a slight decline in AUC
performance (AUC = 0.86 to 0.80), but the model still kept a "good" predictive fit. The
model trained at a larger spatial area had better model transferable properties. Large-scale
models capture environmental interactions of species at the population level with finescale models examining a species at the individual level (Guisan and Zimmermann
2000). Fine-scale models capture interactions of local conditions and typically have poor
model transferability once extrapolated as a result of variant local conditions (Vanreusel
et al. 2007, Torres et al. 2015, Latif et al. 2016, Soucy et al. 2018). Although the model
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extrapolated from the larger area had better performance other factors than area size may
be affecting transferability. The larger area models may incorporate a broader
representation of a plausible range of beaver habitat. This greater range can allow the
MaxEnt model to capture more environmental variables correlated with the presence
locations. With more correlations of environmental variables, models may be better
trained which may explain the higher performance of the larger area model. Therefore,
HSMs should be trained using large-scale data to potentially capture the population level
interactions with preferably multiple distinct populations and a broad range of habitat to
include variation in the distribution models.
The variables indicated as most important for beaver habitat selection by experts
in my survey were consistent with those reported in the literature (Shipes et al. 1979,
Townsend and Butler 1996, Suzuki and McComb 1998, Stevens et al. 2007). Most of
these variables also are commonly used in beaver HSMs, such as slope, lower stream
gradients (Anderson and Bonner 2014), smaller stream orders (Dittbrenner et al. 2018),
and woody wetlands (Francis et al. 2017). The selection of disturbance variables by all
experts revealed some interesting points. Consistent with previous findings, distance from
roads was identified as the least concern for beaver when selecting habitats and was also
unrelated to beaver pond occurrence in west-central Alberta (Stevens et al. 2007). Beaver
often build dams in culverts and use streams near roads (Peterson and Payne 1986,
McKinstry and Anderson 1998). Experts selected distance from timber harvest cutblocks
as the most important disturbance variable, which can be supported by a previous study
where areas near cutblocks were less likely to be occupied by beaver (Stevens et al.
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2007). It has also been suggested beaver may avoid regions near timber harvest because
of increased competition for food with ungulates (Hebblewhite et al. 2005).
Because of the background differences between expert groups, I expected to see
varied results of model performance at predicting beaver habitat suitability; however, all
models produced comparable results regardless of expertise group. There also were no
marked differences in performance of the EOM between study sites, which may be a
result of the relatively consistent habitat requirements for beaver across their range
(Suzuki and McComb 1998, Baker and Hill 2003, Anderson and Bonner 2014,
Dittbrenner et al. 2018). Taking a look at habitat used by invading populations of
American beaver in South America, beaver also selected habitat requirements similar to
that observed in their native range (Anderson et al. 2009, Graells et al. 2015, Davis et al.
2016, Henn et al. 2016). The generality of beaver habitat requirements may explain why
no observed differences between the EOM performances regardless of the expert group
or study site.
This consistency of habitat requirements across distributions may not be the case
for other species. Doswald et al. (2007) used the analytical hierarchy process (Saaty
1977) approach to evaluate EOM HSM for Lynx (Lynx lynx) between two expert groups.
They found the models generated from responses of “local experts” produced a superior
habitat model. However, the model did not perform as well when applied to another
location, which may be due to different habitat requirements for lynx across geographical
ranges (Doswald et al. 2007).
However, the lack of specificity related to elevation and aspect in the EOM’s
topography category may introduce some bias to the analysis. Due to the lack of specified
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values or ranges, elevation and aspect variables would not correctly contribute to the
EOM and may cause misinterpretation of the model. For instance, if elevation were
selected as important for habitat selection, this would influence the prediction of habitat
suitability if any elevation is present. The same situation would also occur concerning
aspect. To prevent false suitability, the variables would need to be reclassified into subcategorical attributes (i.e., elevation ranges 0-100, 100-200, etc.) and re-ranked by
experts.
Nevertheless, these variables could not be excluded from the analysis since the
pairwise comparisons were analyzed to produce a set of weights that sum to 1; by
eliminating variables, incorrect weights would be applied to the suitability map. Since the
averaged eigenvalue weights of elevation and aspect among expert groups were less than
0.2 and the weight of the overall topography category was less than 0.1, when the
weighted average was used for all categories elevation and aspect become negligent.
Therefore, the treatment of elevation and aspect as “blank” rasters would not have a large
influence on the suitability analysis.
Overall the MaxEnt models had superior performance over the EOMs when
predicting beaver habitat suitability. Because MaxEnt uses presence-only data to train its
models, the performance can be expected to produce well-performing models (Elith et al.
2011, Phillips et al. 2017). However, the use of presence-only models should also be used
with caution. Since MaxEnt does not use both presence and absence data, MaxEnt may
generate random pseudo-absences in areas that are not truly absence of suitable habitat or
species occurrences. This false absence may introduce sample bias into the analysis,
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especially when modeling in areas with limited presence location or with areas with a
lack of species prevalence (Elith et al. 2011, Merow et al. 2013).
Nevertheless, the MaxEnt models also predicted fewer areas of habitat suitability
than the EOMs, perhaps a result from the model being trained using presence data with
fewer covariates. I do not consider the more generalized prediction of a larger area as
suitable in the EOM is due to overfitting, rather I suspect the number of parameters
included in the model may have had an influence (Warren and Seifert 2011,
Radosavljevic and Anderson 2014, Halvorsen et al. 2015). Also, since the MaxEnt model
was trained using data of known beaver presence, these models may have data bias,
predicting areas that are currently occupied by beaver. The EOMs predicted greater areas
of suitable habitat, perhaps predicting all potentially suitable habitat because of the
generality of the EOM’s covariates. Nevertheless, the EOMs produced favorable results
at both spatial scales (locations), showing the opinion-based model’s versatility and
capability of predicting habitat suitability without species presence data.
This study evaluated two conventional approaches to modeling habitat suitability
of American beaver yet there are additional factors to be considered for future research.
When identifying and selecting variables to include in the EOM analysis, it is necessary
to add data that are relevant and adequately scaled to have positive influences on the
model, also considering how questions are asked when collecting data via questionnaire.
The variables “aspect” and “elevation” in the EOMs were on a binary scale since ranges
were not given to the experts to rank which would be appropriate if the magnitude of
“elevation” and “aspect” had a relationship with habitat suitability. However, since
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beaver habitat selection is not directly tied to a specific range of elevation or aspect, both
variables did not contribute to the models.
Depending on the modeling objective, both methods were shown useful at
predicting beaver habitat suitability. Ecologist and managers may prefer data-rich models
to model species distributions due to their high predictive accuracy, but this method has
its shortcomings. Data-rich models have poor transferability when extrapolated to other
regions and require the collection of costly and time-consuming presence data (Cerqueira
et al. 2013, Aizpurua et al. 2015, Fordham et al. 2017, Petitpierre et al. 2017). One
solution to improve model transferability, as seen in this study, is to use large-scale
population data rather than smaller individual-scale (Guisan and Thuiller 2005, Torres et
al. 2015, Soucy et al. 2018). Since local environmental interactions among species may
vary across distributions, it is crucial to capture variability using multiple populations to
create better-informed models.
Opinion-based models produce generalized models without the use of presence
data and have a relatively good predictive performance with minimal impacts of model
transferability. The tradeoff for convenience is predictive accuracy. Nevertheless, EOMs
have rendered useful outcomes across various disciplines and applications, including
assessing impacts of disturbance on species distributions, watersheds, and crop pests as
well as habitat suitability modeling (Doswald et al. 2007, Abdollahzadeh et al. 2016,
Bridger et al. 2016, Duncan et al. 2016, Kumar and Krishna 2018). However, when
eliciting data from experts, it is important to acquire responses that are as accurate and
well calibrated as possible. Expert responses can be influenced by social and economic
affiliations, which can produce responses that are incorrect and unassailable (Burgman et
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al. 2011). Therefore when using data such as ranking from experts, it’s essential to
employ practices that can improve the rigor of expert responses to prevent response
biases. Approaches to consider to improve the rigor of expert responses can include using
a structured elicitation method, eliciting from a broad group of experts within the same
field, and making experts accountable through qualifications or testing (Burgman et al.
2011, Drescher et al. 2013). While keeping this limitation in mind, EOMs pose great
practicality by providing land managers with the capability to create predictive maps for
beaver with minimal effort and resources. Expert models may be a low-cost alternative to
data-rich predictive models for use in beaver management.
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Tables and Figures
Table 2.1

Environmental variables ranked by importance by experts from American
beaver expert questionnaire
Landscape Variable

All Experts

Expert Rankings
Researchers Managers

Topography
Aspect
3
3
3
Elevation
2
2
2
Slope
1
1
1
Slope
0-3% Slope
2
1
3
3-6% Slope
1
2
1
6-9% Slope
3
3
2
Stream Order
1st Order Streams
4
4
4
nd
2 Order Streams
1
2
1
3rd Order Streams
2
1
2
th
4 Order Streams
3
3
3
Land Cover
Open Water
5
5
5
Herbaceous Wetland
4
3
4
Shrub
3
4
3
Woody Wetlands
1
1
1
Deciduous Forest
2
2
2
Disturbance
Distance to Roads
3
3
3
Distance to Timber Harvest
1
1
1
Distance to Private Land
2
2
2
Overall Categories
Topography
4
4
3
Stream Order
1
1
1
Land Cover
2
2
2
Disturbance
3
3
4
Environmental variables ranked in ascending order of importance for beaver habitat
selection as identified by each expert group (1 = most important, 4 = least important).
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Table 2.2

Beaver expert opinion habitat models with AUC values.
Model

Response Group

RNoxEOM
ANoxEOM
MNoxEOM
ARedEOM
MRedEOM
RRedEOM

Researchers
All Expert Groups
Managers
All Expert Groups
Managers
Researchers

Projected
Location
Mississippi
Mississippi
Mississippi
Alabama
Alabama
Alabama

AUC
0.76
0.74
0.71
0.75
0.73
0.70

Expert opinion models were created from weighted variables ranked by experts in a
beaver expert questionnaire; variables were ranked for relative importance for beaver
habitat selection. The performance was evaluated using Area Under the Curve (AUC)
index. AUC values range from 0 to 1.0, 1.0 representing perfect predictive accuracy; 0.5
is considered random, 0.7 fair, and 0.9 excellent (Liu et al. 2011). Models:
RNoxEOM: EOM based on researcher’s responses for the Mississippi study area.
ANoxEOM: EOM based on all expert group’s responses for Mississippi study area.
MNoxEOM: EOM based on managers responses for Mississippi study area.
RRedEOM: EOM based on researcher’s responses for the Alabama study area.
ARedEOM: EOM based on all expert group’s responses for Alabama study area.
MRedEOM: EOM based on managers responses for Alabama study area.

31

Table 2.3
Model
Name

Beaver MaxEnt habitat models with AUC values.
Presence Location
Data

Redstone
Model

334 locations;
Redstone Arsenal

RA-MS
Model

334 locations;
Redstone Arsenal

Noxubee
Model

576 locations;
Mississippi

MS-RA
Model

576 locations;
Mississippi

NoxPCA

576 locations;
Mississippi

Environmental Data
Open water-edge density,
Shrub-edge density,
Woody wetland-edge density,
and Grassland frequency
Open water-edge density,
Shrub-edge density,
Woody wetland-edge density,
and Grassland frequency
Open water-edge density,
Shrub-edge density,
Woody wetland-edge density,
and Grassland frequency
Open water-edge density,
Shrub-edge density,
Woody wetland-edge density,
and Grassland frequency
5 PCA (≥ 90% variability
explained)

Projection
Location

AUC

Alabama

0.95

Mississippi 0.72

Mississippi 0.86

Alabama

0.80

Mississippi 0.97

Beaver habitat suitability models generated using program MaxEnt. Each row delineates
model name, data source, covariates, location, and AUC values. AUC range from 0-1.0.
1.0 representing perfect predictive accuracy; 0.5 = random, 0.7 = fair, and 0.9 = excellent
(Liu et al. 2011).
Redstone Model: MaxEnt model created for beaver in Redstone Arsenal (Francis et al. 2017.
RA-MS Model: Redstone Model cross-validated to Mississippi study area.
Noxubee Model: MaxEnt Model created using site-specific presence data for the
Mississippi study area and key covariates identified by Noxubee Model (Francis et al.2017).
MS-RS Model: Noxubee Model cross-validated to Alabama study area.
NoxPCA: MaxEnt model for Mississippi study area using Principal Component Analysis
of environmental variables with <90% variability explained.
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Figure 2.1

Mississippi study area and American beaver locations.

Location of study extent (outlined in red) for Mississippi study sites and present locations
of American beaver (circles) sampled during the winter months of 2016 and 2017 on the
John W. Starr Memorial Forest, Tombigbee NF, and Sam D. Hamilton Noxubee NWR
(outlined in black).
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Figure 2.2

Alabama study area and American beaver locations.

Location of study extent (outlined in red) for Alabama study site and locations of
American beaver (circles) identified during March 2015 to August 2015 and in February
2016 (Francis et al. 2017) at Redstone Arsenal (also outlined in red).
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Figure 2.3

Expert opinion modeling process for American beaver habitat suitability.

To generate the expert opinion models for American beaver, key variables were
identified through literature review as important to beaver habitat or habitat selection.
These key variables were incorporated into a questionnaire using a pairwise ranking
system based on the Analytic Hierarchy Process (Saaty 1980). Beaver experts were then
asked to rank the relative importance of the provided variables for beaver habitat
selection. Using the expert’s responses, eigenvector weights were calculated in IDRISI
and a weighted linear combination analysis was conducted in ArcGIS 10.5 to produce an
estimate for beaver habitat suitability. Figured adapted from Leblond et al. 2014.
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Figure 2.4

Hierarchy of variables used in the expert opinion model analysis for
American beaver habitat suitability.

Variables were identified through literature review as important to beaver habitat or
beaver habitat selection. All variables were grouped into four categories: Topography,
Stream Order, Land Cover, and Disturbance. All variables were represented by raster
data files to be analyzed with ArcGIS 10.5.
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Figure 2.5

Expert opinion model framework.

Illustration of simplified Expert Opinion Model framework in ArcGIS’s Model Builder to
create expert opinion-based habitat suitability maps.
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Figure 2.6

MaxEnt models for beaver in Alabama study area.

Redstone Model (A) HSM generated with site-specific presence data in MaxEnt for
Redstone Arenal. HSM B represents the Noxubee Model extrapolated to the Alabama
study area (MS-RS; see Table 2.3).
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Figure 2.7

MaxEnt models for beaver in the Mississippi study area.

Noxubee Model (A) HSM generated with site-specific presence data in MaxEnt for
Mississippi study area. HSM B represents the Redstone Model extrapolated to the
Mississippi study area (RA-MS; see Table 2.3).
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Figure 2.8

Distribution of American beaver expert questionnaire participants.

Distribution of experts that participated in the beaver expert questionnaire. Experts
included self-identified beaver management experts (blue circles) and research experts
(green circles).
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Figure 2.9

Relative importance of landscape variables ranked by expert groups

Self-identified beaver management and research experts were asked to rank
environmental variables on a pairwise comparison. Weights were calculated from
rankings using IDRISI Weight function. Importance was determined by highest
eigenvector weights.
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Figure 2.10

Best performing beaver EOM for beaver in Alabama and Mississippi study
sites.

Best performing EOM for each study area with beaver locations (green circles). The best
model for Alabama (A) was produced from responses from all expert groups
(ARedEOM) and for Mississippi (B) the research expert group (RNoxEOM) produced
the best model (see Table 2.2). Area of Alabama study area is 15,478 ha while
Mississippi study area is 144,000 ha.
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CHAPTER III
EVALUATING THE RELATIONSHIP BETWEEN HABITAT SUITABILITY
MODELS AND ENVIRONMENTAL COVARIATES TO
AMERICAN BEAVER SURVIVAL
Introduction
In ecology, biotic and abiotic habitat conditions are commonly used to predict
species presence or spatial distributions of habitats. These predictions are typically made
using correlative models such as MaxEnt (Warren and Seifert 2011). However, little is
known about the demographic effects of the selected habitat variables included in habitat
models (DeCesare et al. 2014). Understanding the influences of these variables on species
distribution and survival could provide support to improve the effectiveness and
predictive accuracies of habitat suitability models (Fordham et al. 2017, Petitpierre et al.
2017). Moreover, by merging demographic processes with predictive models, ecologists
can further understand and identify a species’ ecological niche.
Ecological niche theory is a central part of understanding the relationships
between environmental conditions and the fitness of an organism (Hutchinson et al. 1959,
Chase and Leibold 2003). Although there are multiple definitions for the term niche, I
will only consider the Hutchinsonian niche for this study. The Hutchinsonian niche is
defined as the intersection of all the ranges of tolerance (n-dimensional hypervolume)
under which a species can live (Hutchinson 1957). This definition allows for a species
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niche to be quantified since a niche can be defined as ranges of environmental variables
associated with the species occurrence. One method used to operationalize the application
of ecological niche theory is through habitat suitability models (HSMs) (Hirzel et al.
2006, Hirzel and Le Lay 2008, Cianfrani et al. 2013). Habitat models predict the
likelihood of an organism occurring on the landscape based on its interactions with its
environment and are often used to identify aspects of a species’ niche (Guisan and
Zimmermann 2000, Araújo and Peterson 2012, García-Valdés et al. 2015). However,
despite the apparent relationship between HSMs and ecological niche theory, the two are
poorly linked empirically (Pulliam 2000, Austin 2002, Hirzel and Le Lay 2008). It is
often assumed that variables selected by HSMs are related to demographic processes
(Rittenhouse et al. 2010, DeCesare et al. 2014). However, this assumption is rarely
evaluated (DeCesare et al. 2014). Studies that have tested this assumption often find no
link between habitat suitability and demographic processes (Wright et al. 2006, Thuiller
et al. 2010, Whitman and Ackerman 2015), although a few studies have detected a
relationship (Monnet et al. 2015, Unglaub et al. 2015). The lack of connection is
suggested to be a result of HSMs correlative nature or time-dependency (Bateman et al.
2012, Meineri et al. 2015, Bacon et al. 2017, Fordham et al. 2017).
Correlative models are derived through the process of identifying statistical
correlations among species occurrence and environmental characteristics (Elith and
Leathwick 2009). Correlational data is thought to reduce the effectiveness of
extrapolating HSMs to other locations (model transferability) (Warren and Seifert 2011,
Torres et al. 2015, Roach et al. 2017). Habitat models often lack ecological mechanisms
explaining habitat selection (Meineri et al. 2015, Moreno et al. 2016). Therefore, there is
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a need to integrate mechanistic variables into HSMs that relate to a species fitness or
explain ecological processes (Pulliam 2000, Austin 2002). Models that incorporate
habitat (e.g., HSMs) and environmental variables related to demographic processes (e.g.,
survival) may improve transferability (Moreno-Amat et al. 2015, Fordham et al. 2017,
Petitpierre et al. 2017). To implement mechanistic variables in models, one must first
identify and understand the relationship between demographic effects and habitat
variables identified via HSMs. Furthermore, understanding of the species ecological
niche and population ecology may be important to improve the capabilities of predictive
models across multiple spatial distributions.
Nearly extirpated throughout most of their native North American range by the
early 1900’s, American beaver (Castor canadensis; hereafter, beaver) populations have
since recovered. In areas such as the eastern and southeastern US, beaver create humanwildlife conflicts through their herbivory and damming behavior, affecting agriculture
and human infrastructures (Arner and Dubose 1978, 1982, Bullock and Arner 1985,
Shwiff et al. 2011). Because of the negative impacts beaver pose, it's essential to
understand their population dynamics and habitat selection to mitigate damages.
Eurasian beaver (Castor fiber) have been used as a model species to evaluate the
effects of the environment on distribution and population dynamics, especially in
response to seasonal weather conditions (Rosell et al. 2005, Campbell et al. 2012).
Although no studies have related American beaver survival to habitat selection or
environment variables, Campbell et al. (2012) linked survival of Eurasian beaver to
variation in precipitation and temperature in Norway. American beaver can also be an
informative model species within its distribution since it too is a widely distributed
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generalist herbivore (Baker and Hill 2003, Müller-Schwarze and Sun 2003). Because of
their ability to modify their environment as an ecosystem engineer, beaver resource use
and presence on the landscape can be easily identifiable through herbivory and dam
building behaviors (Wright et al. 2002, Müller-Schwarze and Sun 2003). Also territorial,
beaver inhabit wetlands or impoundments indefinitely or until resources become scarce
(Morgan 1868, Burt 1943). Therefore, through the behaviors of territoriality and
ecosystem engineering, beaver can be used as a model species to evaluate the
environmental effects as well as its population dynamics spatiotemporally within
territories and wetlands.
One variable that can be used to model beaver relationship to its environment is
through the use of Normalized Difference Vegetation Index (NDVIs) as a representative
of biomass. NDVI may be used as an index of forage availability and habitat quality to
characterize habitat requirements that may influence fitness (e.g., refugia, vegetative
cover, etc.) (Pettorelli et al. 2005, 2011, 2014, Hurley et al. 2014). Vegetation indices are
useful for identifying vegetation vigor and have many applications in HSMs (Prokopenko
et al. 2017, Bauder et al. 2018, Viejou et al. 2018). NDVI has been linked to demographic
processes of other species (Szép et al. 2006, Hurley et al. 2014, Miholcsa and Csorg
2016). Understanding how beaver survival is influenced by climatic variables is vital in
the context of identifying mechanistic variables that can be implemented into HSMs.
Beaver demographic processes, particularly survival estimates, is underrepresented in the literature, with no estimates reported from the southeastern U.S.
(DeStefano et al. 2006). Existing survival estimates are relatively high: 70% sub-adult
survival in Montana (Van Deelen and Pletscher 1996); 79% adult survival (McNew, Jr.
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and Woolf 2005), 76% female and 87% male survival in Illinois (Bloomquist and Nielsen
2010); 78% adult survival in Minnesota (Smith et al. 2016); 43% yearly survival in
Wyoming (McKinstry and Anderson 2002); and 84% adult survival in Massachusetts
(DeStefano et al. 2006). Since estimation of beaver populations densities are difficult to
produce and are also lacking in the literature, it’s important to understand other aspects of
beaver demographic processes like survival to implement efficient population
management practices effectively.
Here I examined the relationship between habitat variables selected in an existing
HSM (Francis et al. 2017) with beaver adult survival in the southeastern United States.
Along with evaluating the relationship between selected habitat variables and beaver
survival, I also assessed the seasonal effects of temperature, precipitation, and beaver
forage availability in the form of normalized difference vegetation indexes (NDVIs) on
beaver survival in Northern Alabama. By linking environmental and habitat model
covariates to demographic processes, such approaches can improve the transferability of
models that can help to better predictions of suitable habitat across space and time.
Methods
Study Area
I used beaver radio telemetry data collected during 2011-2012 from Redstone
Arsenal (52°50’ to 53°86’ E; 38°23’ to 38°40’ N; Figure 3.1) in Madison County,
Alabama, USA in this study to assess relationships among habitat and beaver survival
(McClintic et al. 2014). Managed by the US Department of Defense, Redstone Arsenal
encompasses roughly 15,478 ha of diverse landscape including agriculture, military test
fields, urban centers, bottomland hardwoods, upland coniferous forest, mixed forest, and
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waterbodies ranging seasonally from 5.68 to 63.74 ha (wetlands, streams, seasonal
swamps and marshes). Precipitation totaled 125.5 cm from May 2011 to April 2012
(Huntsville-Decatur International Airport weather station, the National Oceanic and
Atmospheric Administration ID: 014064). An annual mean temperature of 18°C (28°C to
8°C) was recorded from July 2011 to December 2012 at this site.
Beaver Capture and Telemetry Data
From January 2011 to April 2011, radio-tagged beaver were monitored ≥ two
times per week and biweekly from April 2011 to April 2012 (McClintic et al. 2014).
Dead beaver were located by triangulation with the aid of VHF mortality signal. For the
encounter history file, individuals detected via VHF during the first week of each month
of the study were defined as "live encounter occasions." Detections occurring anytime
between two live encounter weeks within a month were defined as "live resightings”
(Barker and White 1985). I used the live encounter, live resighting, and dead recovery to
estimate beaver survival from the telemetry data with the Barker model in Program Mark
(Barker and White 1985, White and Burnham 1999, Cooch and White 2001). Beavers
capture and telemetry methods are described in McClintic et al. (2014).
Climatic and Environmental Data
I used the daily maximum temperature and precipitation data to evaluate the
effects of weather on beaver survival. Since daily maximum and minimum temperature
during our study were found to be autocorrelated (r = 0.979 [t = 17.991, DF = 14, p <
0.001]), the daily minimum temperature was not included in the models to avoid
multicollinearity. I used the daily maximum temperature rather than daily minimum since
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the maximum temperature experienced in this region can be more extreme due to
relatively mild winters in Alabama. I averaged the daily maximum temperatures (MTMP)
and precipitation (MPRCP) for each monthly interval as well as the daily max
temperature (MTMP(-30d)) and precipitation (MPRCP(-30d)) with a 30-day lag to evaluate
the influence of weather of the previous interval (t-1) on survival of the current live
resighting interval (tx).
To assess seasonal variation of vegetation biomass, I derived NDVIs for Redstone
Arsenal from the 250-m resolution 16-day MODIS product (Didan 2015). These
included: (1) NDVI for Redstone Arsenal’s entire beaver population for each live
resighting and dead encounter interval (POPNDVI), (2) colony-specific NDVI for each
live resighting and dead encounter interval (CONDVI), and (3) NDVI of all colonyspecify NDVIs averaged over the entire study period (TCNDVI). I delineated colonies by
using a Minimum Convex Polygon (MCP) based on the VHF locations of radio-tagged
beaver inhabiting a wetland. Wetlands were defined by data provided by McClintic et al.
(2014). I calculated the mean NDVI values for each survival interval for each colony to
produce colony-specific NDVIs and averaged together to create NDVIs for the
population. If individuals did not have colony-specific (i.e., solitary individuals)
information, NDVI values were extracted by using a buffer representing average colony
size at capture locations. For NDVIs that overlapped during the 16-day data periods,
NDVI rasters were averaged.
Landscape variables identified by Francis et al. (2017) as important covariates for
beaver habitat selection in Redstone Arsenal were used to evaluate the relationship of
selected HSM variables to beaver survival. Variables included edge densities of woody
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wetland (wwetbd), shrub (shrubbd), water (waterbd), and relative frequency (0-1.0) of
grassland (grassfq) (Francis et al. 2017). Raster files were derived from 2011 National
Land Cover Database (NLCD) using program Biomapper (Hirzel et al. 2002). Raster
mean values were extracted for each colony for each survival interval. Geospatial
processes were completed using Program R packages "adehabitatHR," "MODIStsp,"
"raster," and “sp” (Pebesma and Bivand 2005, Calenge 2006, Bivand et al. 2013, Busetto
and Ranghetti 2016, Hijmans 2016, R Core Team 2016).
Statistical Analysis
The Barker (1997) model uses data from live captures, dead recoveries, and
resightings between capture occasions to estimate survival probabilities when dead
recovery or resighting records are available and when the fate of all individuals is
unknown (Mizroch et al. 2004). Implemented in program MARK, the Barker model
includes estimates of survival probability from one capture period to the next (S); capture
probability during encounter occasion (p); tag recovery probability (r); live resighting
probability between encounter occasions (R); dead resighting probability between
encounter occasions (R’); site fidelity probability (F); and probability of immigration (F’)
(Barker and White 1985).
I estimated monthly beaver survival for 49 individuals. Model covariates included
the weather variables for daily maximum temperature and precipitation (MTMP,
MPRCP, MTMP(-30d), MPRCP(-30d)) to examine time-variant weather effects; HSMselected variables of edge densities and relative frequency (wwetbd, shrubbd, waterbd,
and grassfq) to evaluate the influences of these variables on beaver survival; NDVI
(CONDVI, TCNDVI, POPNDVI) to assess the influences of vegetation biomass on
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beaver survival (Table 3.1). I also created a seasonal division of wet and dry periods
based on precipitation averages during this study period and incorporated it as model
covariates to test for any seasonal differences in beaver survival; season 1 =JanuaryMarch, April- June, July-September, and October-December (ssn1). Although
Mississippi doesn’t typically have a dry season due to relatively high humidity yearround, beaver survival may be affected by the influx of precipitation. During periods of
high flow and precipitation beaver dams frequently fail, which may directly or indirectly
affect the survival of resident beavers (Hibbs et al. 1992, Campbell et al. 2012).
I used the forward selection method for beaver survival model selection, and
Akaike Information Criterion corrected for small sample size (AICc) to compare models
(Burnham and Anderson 2003). Competing models were considered to be ∆AICc < 2.
Variables were kept in the model by meeting two criteria: 1) the ∆AICc of the covariate
was better than the Null model and 2) the beta coefficient was significant. Realparameters (parameters estimated based on a design matrix through the likelihood
function (White et al. 2001)) of averaged beaver survival were estimated using model
uncertainty by AICc weight (wi) (Burnham and Anderson 2003), with R packages
“RMark” and “emdbook” (White and Burnham 1999, Bolker 2008, 2013, Laake 2013).
Results
The best performing survival model included the mean NDVI for the entire
beaver population as the sole covariate (POPNDVI; Figure 3.2B, Table 3.1). The top six
competing models (∆AICc < 2.0) included NDVIs, maximum temperature, and a
combination of precipitation and the previous variables (Table 3.1). The best models
suggested adult beaver survival was influenced by weather variables including areas of
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high NDVIs. The survival analysis showed limited support (∆AICc > 2.0) of the effects
of seasonality or the HSM selected variables on beaver survival (Table 3.1).
Monthly survival estimated from the 49 radio-tagged beaver had a greater than
80% survival probability over the study period (Figure 3.2A). Although survival
remained higher than 80% during this period, a trend of lower survival during December
to February was observed (Figure 3.2A).
I observed a positive relationship between monthly beaver survival and the
variables of the top four competing models (Table 3.2). Based on the 95% confidence
intervals for seasonal population NDVI (POPNDVI; Figure 3.2B), maximum daily
temperature with a 30-day lag (MTMP(-30d); Figure 3.2C), colony-specific and timevariant NDVI (CONDVI), and maximum daily temperature during intervals (MTMP;
Figure 3.2D), showed a positive relationship with the monthly survival estimates (Table
3.2).
Discussion
Species distribution models and HSMs rely on the assumption that animals select
habitat and resources that positively influence fitness, linking predictive variables to an
ecological niche. While a few studies have linked habitat variables to an ecological niche
(Gallien et al. 2010, Monnet et al. 2015, Unglaub et al. 2015), there also have been
contradictory findings suggesting no evidence of this relationship (Wright et al. 2006,
Thuiller et al. 2010, Whitman and Ackerman 2015). These confounding results may
indicate the link between ecological process and a species environmental interactions are
too complicated to identify through HSMs.
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My results suggest variables chosen by the existing beaver HSM may not be
related to beaver survival in Redstone Arsenal. This is consistent with studies that did not
find a link between habitat selected variables and population processes (Wright et al.
2006, Thuiller et al. 2010, Whitman and Ackerman 2015). However, the variables
selected by the HSM may indicate proximate factors for habitat selection. Although
beaver may be using these variables for the selection of habitat, survival may be driven
by other ultimate factors. The Redstone Arsenal HSM was generated using parameters
derived from land cover data from the 2011 National Land Cover Database (Homer et al.
2015, Francis et al. 2017). With no relationship to survival in my analysis, and since
habitat selection in this model identified classes of edge densities and relative frequency
of land cover classes as crucial habitat components for beaver, this may be a strictly
correlative model.
The result of beaver dams is the backing up of water causing inundation up-flow
from the dam’s location. As the size of the impoundment grows, the vegetative
community of this newly flooded area begins to change as water-tolerant vegetation
increases and larger woody species decline through beaver herbivory and water stress
(Naiman et al. 1988, Pollock et al. 2014). The change in vegetation creates a typical
beaver impoundment with very distinguishable edge communities of hardwoods, open
water, and shrubs typical in the southeastern US and as selected in the Redstone Arsenal
model. Therefore, Francis’ Redstone Arsenal MaxEnt model (Francis et al. 2017) may be
identifying variables that are an outcome of the process of beaver impoundment
development, rather than determining a variable that is directly selected by beaver to
increase fitness. A recommendation for model validation is to use new and early
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colonization data to help prevent models from identifying the potential confounding areas
of later successional stages of beaver impoundments.
I observed a positive relationship between weather variables and beaver survival
that was not encompassed in the evaluated HSM. Survival rates were affected by seasonal
NDVIs, temperature, and to a lesser extent, precipitation. Beaver consume herbaceous
and woody plants throughout the year (Belovsky 1984, Baker and Hill 2003). During the
vegetative growing season, herbaceous plants make up the bulk of beavers’ diet, with a
transition to woody forage as herbaceous vegetation becomes less available (Shipes et al.
1979, Roberts and Arner 1984, Baker and Hill 2003). Areas with higher biomass, as
indicated by NDVI and influenced by higher temperatures, may be selected by beaver for
their greater forage potential, thereby increasing survival. Lower survival estimates
during winter months coincide with lower temperatures and less available herbaceous
forage. Winters in the southeastern US are typically mild, and beaver do not exhibit foodcaching behavior instead, they rely on foraging for woody vegetation on land (Baker and
Hill 2003). Since beaver are not caching food and foraging on land during periods of less
available forage in this area may explain for the decline in survival without taking into
consideration the indirect effect of predation. However, although beaver survival declined
during winter months, the monthly survival estimate sill remained relatively high (>
80%).
Interest in the incorporation of mechanistic models to improve predictive
modeling approaches is growing (Fordham et al. 2017). Selection of variables is essential
for building models that can identify a species ecological niche through mechanistic
factors rather than association through correlation between presence and landscape
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variables (Coulson et al. 2001, Elith and Leathwick 2009, Gallien et al. 2010, Monnet et
al. 2015). Although correlative models have their advantages, they are commonly
restricted to local conditions and likely fail once extrapolated (Hirzel and Le Lay 2008,
Fordham et al. 2017). To build mechanistic models, variables that are linked to
population processes must first be identified. Although this process adds to the amount
effort required to create the predictive models, it could result in a more accurate model
that also can be extrapolated across space and time.
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Tables and Figures
Table 3.1 Barker’s models of beaver monthly survival in Redstone Arsenal, January
2011 to April 2012.
Survival modela
K
AICc
wi
Deviance
AICc
b
POPNDVI
39
745.57
0.00
0.22
439.40
MTMP(-30d) c
39
745.86
0.29
0.19
439.68
CONDVI d
39
747.00
1.42
0.11
664.29
e
MTMP
39
747.05
1.48
0.10
440.87
MTMP(-30d) + MPRCP
40
747.08
1.51
0.10
438.65
POPNDVI + MPRCP
40
747.14
1.57
0.10
438.72
CONDVI + MPRCP
40
748.36
2.79
0.05
663.41
f
ssn1
43
748.43
2.86
0.05
433.22
MTMP + MPRCP
40
748.68
3.10
0.05
440.25
MPRCP + ssn1
44
750.68
5.10
0.02
433.19
MPRCP g
39
759.48
13.91
0.00
453.31
null
38
759.75
14.17
0.00
455.81
grassfq h
39
759.89
14.32
0.00
677.18
wwetbd i
39
760.19
14.61
0.00
677.48
j
waterbd
39
760.89
15.31
0.00
678.18
shrubbd k
39
761.94
16.37
0.00
679.24
l
MPRCP(-30d)
39
761.97
16.39
0.00
455.79
TCNDVI m
39
761.98
16.41
0.00
679.27
Time
53
767.28
21.71
0.00
428.99
a
Models were estimated using detection and reporting probability set as constant,
the resighting probability is resighting effort plus time-variance, and site fidelity is
constant random migration (immigration=emigration). Time intervals were
determined as the duration between the first telemetry collection periods of each
month.
b
POPNDVI is the mean NDVI of all beaver inhabited wetlands during an
encounter interval.
c
MTMP(-30d) is the mean max temperature during an encounter interval with a 30day lag.
d
CONDVI is time-variant and beaver colony-specific mean NDVI.
e
MTMP is the mean max temperature during encounter intervals.
f
ssn1 is a seasonal division: Jan-March, April-June, July-Sep, and Oct-Dec.
g
MPRCP is mean max precipitation during encounter interval.
h
grassfq is colony-specific grassland frequency.
i
wwetbd is colony-specific woody wetland boarder-density.
j
waterbd is colony-specific water boarder-density.
k
shrubbd is colony-specific shrub boarder-density.
l
MPRCP(-30d) is mean max precipitation during encounter intervals with a 30-day
lag.
m
TCNDVI is colony-specific NDVI averaged over the study period (timeconstant).
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Table 3.2

Coefficient estimates of competing monthly beaver survival models
(AICc<2; see Table 3.1) ranging from 0 to 1.0.

Survival modela
Estimateb
SEc
LCLd
UCLe
S (POPNDVI)
Intercept
-0.52
0.81
-2.10
1.07
f
POPNDVI
0.53
0.15
0.24
0.85
S (MTMP(-30d))
Intercept
0.62
0.50
-0.35
1.60
g
MTMP(-30d)
0.100
0.03
0.05
0.15
S (CONDVI)
Intercept
-0.2
0.75
-1.72
1.20
h
CONDVI
0.48
0.13
0.22
0.74
S (MTMP)
Intercept
0.26
0.62
-0.95
1.48
i
MTMP
0.11
0.03
0.05
0.17
S (MTMP(-30d) + MRCP)
Intercept
0.97
0.63
-0.26
2.21
MTMP(-30d)
0.10
0.03
0.05
0.16
j
MPRCP
-2.03
1.99
-5.95
1.88
S (POPNDVI + MPRCP)
Intercept
-0.12
0.95
-1.98
1.74
POPNDVI
0.51
0.15
0.22
0.81
MPRCP
-1.74
2.11
-5.88
2.39
a
Detection and reporting probability were set to constant, resighting probability to
resighting effort plus time-varying, and site fidelity to random migration
(immigration=emigration). Time intervals were determined as the duration between the
first telemetry collection periods of each month.
b
Estimate is the coefficient estimates of competing models
c
SE is standard error.
d
LCL is lower confidence level.
e
UCL is upper confidence level
f
POPNDVI is mean NDVI of all beaver inhabited wetlands during encounter interval.
g
MTMP(-30d) is mean max temperature during encounter intervals with 30 days lag.
h
CONDVI beaver colony-specific and time-variant mean NDVI.
i
MTMP is mean maximum temperature during encounter intervals.
j
MPRCP is mean precipitation during encounter time interval t.
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Figure 3.1

Redstone Arsenal study area and American beaver locations.

Location of study extent (outlined in red) in Redstone Arsenal, AL and telemetry
locations of American beaver (circles) from August 2011 to April 2012 (McClintic et al.
2014).
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Figure 3.2

Model relationship between beaver monthly survival and environmental
covariate relationships in Redstone Arsenal from January 2011 to April
2012.

Bars and dashed lines represent 95% confidence intervals. A) Model averaged real
parameter estimates of beaver monthly survival. B) Beaver monthly survival and mean
normalized difference vegetation index of all beaver inhabited wetlands by each
encounter interval. C) Beaver monthly survival and mean maximum temperature during
encounter time intervals shifted to 30 days behind. D) Beaver monthly survival and mean
maximum temperature during encounter intervals.
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Definition of Landscape Variables
*(Please print this page and use as reference while completing the survey.)
Table 1. Scale and description for pairwise comparison for questionnaire according to
Saaty (1977)
Intensity of importance
attributed to criteria
1
3
5
7
9
2, 4, 6, 8

Definition
Equal importance
Weak importance of one over the other
Essential or strong importance
Very strongly more important
Absolute importance
Intermediate values between the two
adjacent judgements

Explanation
Two factors contribute equally to the objective
Experience and judgment slightly favor one factor over the other
Experience and judgment strongly favor one factor over the other
A factor is very strongly favored and dominance is demonstrated in practice
The evidence favoring one factor over another is of the highest possible
order of affirmation
When compromise is needed

Topography – The study of geometric properties and spatial relations.
Aspect – Slope direction relative to cardinal directions.
Elevation – Height above sea level.
Slope – Horizontally rising or falling surface; slant up or down.
0-3% - Nearly level.
3-6% - Gently sloping.
6-9% - Moderately steep.
Stream order – The form and function of streams and the interactions between streams
and the landscape.
Stream order (Strahler) – Measure of the relative size of streams (size increases with
increased order).
1st – Smallest tributaries / headwaters.
2nd – Confluence of two 1st order streams.
3rd – Confluence of two 2nd order streams.
4th – Confluence of two 3rd order streams.
Land cover types – Physical cover on the earth’s surface.
Open Water – Areas of open water, generally with less than 25% cover of
vegetation or soil.
Herbaceous Wetland – Areas where perennial herbaceous vegetation accounts
for greater than 80% of vegetative cover and the soil or substrate is periodically
saturated with or covered with water.
Woody Wetland – Areas where forest or shrubland vegetation accounts for
greater than 20% of vegetative cover and the soil or substrate is periodically
saturated with or covered with water
Shrubs – Areas dominated by shrubs; less than 5 meters (~16 feet) tall with shrub
canopy typically greater than 20% of total vegetation. This class includes true
shrubs, young trees in an early successional stage or trees stunted from
environmental conditions.
Deciduous Forest – areas dominated by trees generally greater than 5 meters
(~16 feet) tall, and greater than 20% of total vegetation cover. More than 75% of
the tree species shed foliage simultaneously in response to seasonal change.
Disturbance – an event or force, of non-biological or biological origin, that brings about
mortality to organisms and changes in their spatial patterning in the ecosystems they
inhabit.
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Roads – Smoothed or paved surface make for traveling by motor vehicle.
Timber Harvest Blocks – Area of felling or removal of timber.
Private Land – Legal designation for the ownership of the land by nongovernmental legal entities.
Questionnaire
Please state time taken for completion of the questionnaire (minutes):
Descriptive Experience
1) Employment status
Federal Agency State Agency NGO/Non-Profit
Business
Self-employed

University/Academia

2) Highest level of Education
Associate’s Degree
Other

Bachelor’s Degree

Master’s Degree

PhD

3) In the past 10 years, have you conducted work that involved American beaver?
Yes

No

4) Approximately how many years of American beaver work experience do you have?
0-1

1-2

2-4

4-6

6-8

8+

5) What is your main experience working with beavers? Check one.
Research

Management (restoration, damage mgmt…) Both research & management

6) Location of American beaver experience.
Pacific NW (U.S.)

Southwest (U.S.)

Northeast (U.S.)

Southeast (U.S.)

Canada
Landscape Variables
Use your personal experience in American beaver-related work to indicate which variable is of
higher importance of key landscape characteristics for beaver habitat selection. Each question
presented below consists of two parts: A. identifying which variable is more important of the
given variables, and B. Identifying the magnitude of importance of the variable you selected in
part A over the other. The magnitude scale and definitions are provided for reference in the
“Definition of Landscape Variables” portion of this survey. Scale options “2, 4, 6, and 8"
represent intermediate values between the two adjacent judgements (Table 1).
In part A of each question, if option “Both are equally important” is selected, please select “1)
Equally important” option in part B.
*Example- Based on my experience, I will answer the following question. In question E1a) I
believe “Riparian Areas” are more important for beaver habitat selection than “Upland Woods”,
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therefore I selected “Riparian Areas”. In question E1b) Based on my experience with beavers, I
am confident beavers need areas of water, therefore I believe “Riparian Areas” are “Absolutely
more important” than “Upland Woods”.
*E1a) Which variable is more important for beaver habitat selection?
Riparian
Uplands
Areas
Woods
Both are equally important
Based on your previous answer, what is the magnitude of importance of your selected
*E1b) variable over the other?
1) Equally
2) 3)
4)
5)
6) 7) Very
8)
9)
important
Weakly
Strongly
strongly
Absolutely
more
more
more
more
important
important
important
important
Topography
T1a) Which variable is more important for beaver habitat selection?
Aspect
Elevation
Both are equally important
T1b)

T2a)

T2b)

T3a)

T3b)

Based on your previous answer, what is the magnitude of importance of your selected
variable over the other?
1) Equally
2) 3)
4)
5)
6)
7) Very
8) 9)
important
Weakly
Strongly
strongly
Absolutely
more
more
more
more
important
important
important
important
Which variable is more important for beaver habitat selection?
Aspect
Slope
Both are equally important
Based on your previous answer, what is the magnitude of importance of your selected
variable over the other?
1) Equally
2) 3)
4)
5)
6)
7) Very
8) 9)
important
Weakly
Strongly
strongly
Absolutely
more
more
more
more
important
important
important
important
Which variable is more important for beaver habitat selection?
Elevation
Slope
Both are equally important
Based on your previous answer, what is the magnitude of importance of your selected
variable over the other?
1) Equally
2) 3)
4)
5)
6)
7) Very
8) 9)
important
Weakly
Strongly
strongly
Absolutely
more
more
more
more
important
important
important
important
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Slope
S1a)

S1b)

S2a)

S2b)

S3a)

S3b)

Which slope gradient is more important for beaver habitat
selection?
0-3% (Nearly
level)
3-6% (Gently sloping)
Both are equally important
Based on your previous answer, what is the magnitude of importance of your selected
variable over the other?
1) Equally
2) 3)
4)
5)
6)
7) Very
8) 9)
important
Weakly
Strongly
strongly
Absolutely
more
more
more
more
important
important
important
important
Which slope gradient is more important for beaver habitat
selection?
0-3% (Nearly
level)
6-9% (Moderately sloping) Both are equally important
Based on your previous answer, what is the magnitude of importance of your selected
variable over the other?
1) Equally
2) 3)
4)
5)
6)
7) Very
8) 9)
important
Weakly
Strongly
strongly
Absolutely
more
more
more
more
important
important
important
important
Which slope gradient is more important for beaver habitat
selection?
3-6% (Gently
sloping)
6-9% (Moderately sloping) Both are equally important
Based on your previous answer, what is the magnitude of importance of your selected
variable over the other?
1) Equally
2) 3)
4)
5)
6)
7) Very
8) 9)
important
Weakly
Strongly
strongly
Absolutely
more
more
more
more
important
important
important
important

Stream Order
O1a) Which steam order is more important for beaver habitat selection?
2nd Order
1st Order Stream Stream
Both are equally important
O1b)

Based on your previous answer, what is the magnitude of importance of your selected
variable over the other?
1) Equally
2) 3)
4)
5)
6)
7) Very
8) 9)
important
Weakly
Strongly
strongly
Absolutely
more
more
more
more
important
important
important
important
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O2a)

O2b)

O3a)

O3b)

O4a)

O4b)

O5a)

O5b)

O6a)

Which steam order is more important for beaver habitat selection?
3rd Order
1st Order Stream Stream
Both are equally important
Based on your previous answer, what is the magnitude of importance of your selected
variable over the other?
1) Equally
2) 3)
4)
5)
6)
7) Very
8) 9)
important
Weakly
Strongly
strongly
Absolutely
more
more
more
more
important
important
important
important
Which steam order is more important for beaver habitat selection?
4th Order
1st Order Stream Stream
Both are equally important
Based on your previous answer, what is the magnitude of importance of your selected
variable over the other?
1) Equally
2) 3)
4)
5)
6)
7) Very
8) 9)
important
Weakly
Strongly
strongly
Absolutely
more
more
more
more
important
important
important
important
Which steam order is more important for beaver habitat selection?
2nd Order
3rd Order
Stream
Stream
Both are equally important
Based on your previous answer, what is the magnitude of importance of your selected
variable over the other?
1) Equally
2) 3)
4)
5)
6)
7) Very
8) 9)
important
Weakly
Strongly
strongly
Absolutely
more
more
more
more
important
important
important
important
Which steam order is more important for beaver habitat selection?
2nd Order
4th Order
Stream
Stream
Both are equally important
Based on your previous answer, what is the magnitude of importance of your selected
variable over the other?
1) Equally
2) 3)
4)
5)
6)
7) Very
8) 9)
important
Weakly
Strongly
strongly
Absolutely
more
more
more
more
important
important
important
important
Which steam order is more important for beaver habitat selection?
4th Order
3rd Order Stream Stream
Both are equally important
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O6b)

Based on your previous answer, what is the magnitude of importance of your selected
variable over the other?
1) Equally
2) 3)
4)
5)
6)
7) Very
8) 9)
important
Weakly
Strongly
strongly
Absolutely
more
more
more
more
important
important
important
important

Land Cover Types
C1a) Which land cover is more important for beaver habitat selection?
Open Water
Herbaceous Wetland
Both are equally important
C1b)

C2a)

C1b)

C3a)

C3b)

C4a)

C4b)

Based on your previous answer, what is the magnitude of importance of your selected
variable over the other?
1) Equally
2) 3)
4)
5)
6)
7) Very
8) 9)
important
Weakly
Strongly
strongly
Absolutely
more
more
more
more
important
important
important
important
Which land cover is more important for beaver habitat selection?
Open Water
Shrubs
Both are equally important
Based on your previous answer, what is the magnitude of importance of your selected
variable over the other?
1) Equally
2) 3)
4)
5)
6)
7) Very
8) 9)
important
Weakly
Strongly
strongly
Absolutely
more
more
more
more
important
important
important
important
Which land cover is more important for beaver habitat selection?
Woody
Open Water
Wetland
Both are equally important
Based on your previous answer, what is the magnitude of importance of your selected
variable over the other?
1) Equally
2) 3)
4)
5)
6)
7) Very
8) 9)
important
Weakly
Strongly
strongly
Absolutely
more
more
more
more
important
important
important
important
Which land cover is more important for beaver habitat selection?
Deciduous
Open Water
Forest
Both are equally important
Based on your previous answer, what is the magnitude of importance of your selected
variable over the other?
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1) Equally
important

C5a)

C5b)

C6a)

C6b)

C7a)

C7b)

C8a)

C8b)

2)

3)
Weakly
more
important

4)

5)
Strongly
more
important

6)

7) Very
strongly
more
important

8)

9)
Absolutely
more
important

Which land cover is more important for beaver habitat selection?
Herbaceous
Wetland
Shrubs
Both are equally important
Based on your previous answer, what is the magnitude of importance of your selected
variable over the other?
1) Equally
2) 3)
4)
5)
6)
7) Very
8) 9)
important
Weakly
Strongly
strongly
Absolutely
more
more
more
more
important
important
important
important
Which land cover is more important for beaver habitat selection?
Herbaceous
Woody
Wetland
Wetland
Both are equally important
Based on your previous answer, what is the magnitude of importance of your selected
variable over the other?
1) Equally
2) 3)
4)
5)
6)
7) Very
8) 9)
important
Weakly
Strongly
strongly
Absolutely
more
more
more
more
important
important
important
important
Which land cover is more important for beaver habitat selection?
Herbaceous
Deciduous
Wetland
Forest
Both are equally important
Based on your previous answer, what is the magnitude of importance of your selected
variable over the other?
1) Equally
2) 3)
4)
5)
6)
7) Very
8) 9)
important
Weakly
Strongly
strongly
Absolutely
more
more
more
more
important
important
important
important
Which land cover is more important for beaver habitat selection?
Woody
Shrubs
Wetland
Both are equally important
Based on your previous answer, what is the magnitude of importance of your selected
variable over the other?
1) Equally
2) 3)
4)
5)
6)
7) Very
8) 9)
important
Weakly
Strongly
strongly
Absolutely
more
more
more
more
important
important
important
important

83

C9a)

C9b)

C10a
)

C10b
)

Which land cover is more important for beaver habitat selection?
Deciduous
Shrubs
Forest
Both are equally important
Based on your previous answer, what is the magnitude of importance of your selected
variable over the other?
1) Equally
2) 3)
4)
5)
6)
7) Very
8) 9)
important
Weakly
Strongly
strongly
Absolutely
more
more
more
more
important
important
important
important
Which land cover is more important for beaver habitat selection?
Deciduous
Woody Wetland
Forest
Both are equally important
Based on your previous answer, what is the magnitude of importance of your selected
variable over the other?
1) Equally
2) 3)
4)
5)
6)
7) Very
8) 9)
important
Weakly
Strongly
strongly
Absolutely
more
more
more
more
important
important
important
important

Disturbance
D1a) Which variable is more important for beaver habitat selection?
Distance to
Distance to Timber Harvest
Roads
Blocks
Both are equally important
D1b)

D2a)

D2b)

D3a)

Based on your previous answer, what is the magnitude of importance of your selected
variable over the other?
1) Equally
2) 3)
4)
5)
6)
7) Very
8) 9)
important
Weakly
Strongly
strongly
Absolutely
more
more
more
more
important
important
important
important
Which variable is more important for beaver habitat selection?
Distance to
Roads
Distance to Private Land
Both are equally important
Based on your previous answer, what is the magnitude of importance of your selected
variable over the other?
1) Equally
2) 3)
4)
5)
6)
7) Very
8) 9)
important
Weakly
Strongly
strongly
Absolutely
more
more
more
more
important
important
important
important
Which variable is more important for beaver habitat selection?
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Distance to Private Land
D3b)

Distance to Timber Harvest
Blocks

Both are equally
important

Based on your previous answer, what is the magnitude of importance of your selected
variable over the other?
1) Equally
2) 3)
4)
5)
6)
7) Very
8) 9)
important
Weakly
Strongly
strongly
Absolutely
more
more
more
more
important
important
important
important

Overall Variables
Which overall variable is more important for beaver habitat
A1a) selection?
Topography
Stream order
Both are equally important
A1b)

A2a)

A2b)

A3a)

A3b)

A4a)

Based on your previous answer, what is the magnitude of importance of your selected
variable over the other?
1) Equally
2) 3)
4)
5)
6)
7) Very
8) 9)
important
Weakly
Strongly
strongly
Absolutely
more
more
more
more
important
important
important
important
Which overall variable is more important for beaver habitat
selection?
Topography
Land Cover Classes
Both are equally important
Based on your previous answer, what is the magnitude of importance of your selected
variable over the other?
1) Equally
2) 3)
4)
5)
6)
7) Very
8) 9)
important
Weakly
Strongly
strongly
Absolutely
more
more
more
more
important
important
important
important
Which overall variable is more important for beaver habitat
selection?
Disturban
Topography
ce
Both are equally important
Based on your previous answer, what is the magnitude of importance of your selected
variable over the other?
1) Equally
2) 3)
4)
5)
6)
7) Very
8) 9)
important
Weakly
Strongly
strongly
Absolutely
more
more
more
more
important
important
important
important
Which overall variable is more important for beaver habitat
selection?
Stream order
Land Cover Classes
Both are equally important
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A4b)

A5a)

A5b)

A6a)

Based on your previous answer, what is the magnitude of importance of your selected
variable over the other?
1) Equally
2) 3)
4)
5)
6)
7) Very
8) 9)
important
Weakly
Strongly
strongly
Absolutely
more
more
more
more
important
important
important
important
Which overall variable is more important for beaver habitat
selection?
Disturban
Stream order
ce
Both are equally important
Based on your previous answer, what is the magnitude of importance of your selected
variable over the other?
1) Equally
2) 3)
4)
5)
6)
7) Very
8) 9)
important
Weakly
Strongly
strongly
Absolutely
more
more
more
more
important
important
important
important
Which overall variable is more important for beaver habitat
selection?
Land Cover
Disturban
Classes
ce
Both are equally important

Based on your previous answer, what is the magnitude of importance of your selected
variable over the other?
1) Equally
2) 3)
4)
5)
6)
7) Very
8) 9)
important
Weakly
Strongly
strongly
Absolutely
more
more
more
more
important
important
important
important
Additional comments or concerns relating to American beaver habitat selection are welcome:
A6b)
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